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Real-time image processing via four-wave mixing in a photorefractive 
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We report the application offour-wave mixing to real-time image processing. We constructed a 
nonlinear optical processor using the photorefractive medium Bi 12Si020 and demonstrated that it 
is capable of convolving and correlating objects with spatial information. 
PACS numbers: 42.65.- k, 42.40.- i, 42.30.Kq, 42.30.Sy 
In recent years, coherent and incoherent image process-
ing has been used for pattern recognition, guidance systems, 
deblurring, and synthetic aperturing. Present methods used 
to generate convolution and correlation functions of objects 
with spatial information include digital processing, Vander 
Lugt-type holograms, 1·2 and three-wave mixing. 3 The latter 
scheme requires attention to phase matching, which also 
limits the spatial bandwidth of the information. The use of 
multiple wavelengths introduces spatial scaling, which may 
be objectionable. A new method utilizing four-wave mixing 
was proposed by Pepper, Au Yeung, Fekete, and Yariv.4 
This method works in real time and was shown to be free of 
the phase matching problem, in the Fresnel approximation, 
and to require only a single frequency. We report the demon-
stration of such an optical processor and show some sample 
results. 
Spatial convolution and correlation of monochromatic 
fields can be obtained via four-wave mixing in the common 
focal plane of a two-lens system such as that shown in Fig. 1. 
Fields 1 and 4 propagate essentially in the z direction, while 2 
propagates in the - z direction. All three fields, which are of 
the same frequency, may contain arbitrary spatial modula-
tion which is different for each wave. Using the notation of 
Ref. 4, the input amplitudes u 1(x, y), u2(x, y), and u4(x, y) in 
the outer focal planes are Fourier transformed by propagat-
ing to the common focal plane. The transformed fields ii 1, ii2, 
and ii4 are incident upon a medium of thickness I possessing 
a third-order nonlinear optical susceptibility x~L. The 
thickness must satisfy 
I <2PA /~ax• 
where r ma. is the spatial extent of the largest u0 so that the 
mixing only occurs in the region where the fields are accu-
rate Fourier transforms oftheir respective input fields. 4 
The nonlinear polarization PNL = x~L ii lii2iit which is 
formed in the medium radiates an output field which propa-
gates essentially backward relative to the direction of u4 • It 
can be shown that this field, when evaluated at the plane 
located a distance fin front of lens L, is of the form 
u3(x0 , Yo)= f/!u 1(- x, - y)*uz(- x, - y)•u4(- x, - y), 
(1) 
where 
1/J = - i(21rw/c)(l !A Zj2)exp(2ikni1 )exp(4ikf)x~L 
and .::1 is the thickness of the lens. The symbols * and * 
denote convolution and correlation, respectively. 2 
The nonlinear medium used in our experiment was 
Bi 12Si020 (BSO), a photorefractive material. It has been used 
in Pockels readout optical modulators,5 holographic stor-
age,6 and phase conjugation.7 The analogy between four-
wave mixing and real-time holography8 suggested the use of 
BSO for our experiment. The susceptibility x~L in the non-
linear theory can pe related to the amplitude n 1 of the index 
variation which characterizes a phase hologram by compar-
ing the coupled mode equations in the formulations ofYariv 
and Pepper,9 and Kogelnik 10: 
The formation of phase holograms in photorefractive 
materials has been studied extensively. 11 The situation usu-
ally analyzed is one where two plane waves, with angular 
separation 20, interfere inside the medium to produce a sinu-
soidal intensity pattern with grating vector k = 41T(sin e )I A. 
The excitation of electrons from traps in the energy gap to 
the conduction band is assumed to be proportional to the 
intensity. Drift (due to an external de field) and diffusion of 
the free carriers relative to the positively ionized traps sets up 
a periodic space-charge field Esc. The amplitude £ 1 of the 
fundamental component has been shown experimentally6 .7 
and theoretically 12 to be proportional to an e~ternal field E 0 
applied perpendicular to the intensity fringes, and to the 
fringe modulation m = (1114) 112/(11 + 14 ). 
The electro-optic effect then modulates the index of re-
fraction with a fundamental period equal to that of the inten-
sity pattern. The phase shift of the index modulation relative 
to the intensity modulation depends on the writing time and 
on the relative contributions of drift and diffusion. 13 The 
amplitude of the fundamental component of the index mod-
ulation will be 
n 1 = ~n~rE 1 a: ~n~rmE0 a: n6rE0(1l4) 112/2(11 + 14). 
. In our experiment, the three beams incident on the crys-
tal are coplanar and linearly polarized perpendicular to that 
plane. They form three interference patterns, but the optical 
activity rotates polarizations so as to almost completely re-
duce the interference involving u2 • Also, the application of a 
transverse (perpendicular to z) E0 enhances only the intefer-
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FIG. I. Experimental apparatus for performing convolution and correla-
tion. Input and output planes shown by dashed lines. 
ence pattern between u 1 and u4 • The reconstruction beam is 
then u2 . If the intensity of the backward beam u3 were high, 
we would also have to consider the interference between u2 
and u3 • 
Using Kogelnik's formula for diffraction efficiency and 
including reflection losses at the crystal surface, the output 
intensity is given by 
13 = 1J12(1 - R f = exp(- a/ )sin2 ( _.!!}!!:J._ )1z<1 - R )2 
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FIG. 2. First three columns are the input objects u 1, u2 and U 4 • The last 
column is photographs of the output u,. 
6 Appl. Phys. Lett., Vol. 37, No.1, 1 July 1980 
In our case the Bragg angle 00=0 for small enough objects. 
For a given power output of the laser, the power diffracted 
by the crystal is seen to-be maximized when 1 1 = ! 2 = 14 . 
The experimental arrangement is shown in Fig. 1. The 
three beams travel nearly equal path lengths before imping-
ing on the BSO crystal. The coherence length of the laser 
must be greater than the optical path difference, in this case 
8. The cw argon laser has a power output of 1.6 W at 5145 A 
initially polarized perpendicular to the plane of the figure. 
The BSO crystal is lOX lOX3 mm. The applied volt-
ages ranged from 5 to 7 kV. Photographs of the output were 
taken by placing ASA 400 black and white film directly in 
the output plane. Exposure times were 1/500 sec. The ob-
jects we used included photographic negatives, chrome pho-
tomasks, perforated AI foil, and lenses. 
Objects of different sizes were accomodated by expand-
ing each beam to the appropriate waist. As seen in Eq. (2), 
the output of the processor is optimal when the variable 
beamsplitters, B.S. 1 and B.S. 2, are adjusted to match the 
intensities 1 1, 12 and 14 where they overlap in the transform 
plane. 
Two-image processing is performed by simulating a {J 
function for the third input. The simulation is accomplished 
by placing a third lens outside the two-lens system so that it 
focuses at the third input plane and gives a collimated beam 
at the transform plane. For objects with real amplitude 
transmittances u,, the correlation and convolution oper-
ations differ only in the sign of the arguments2 so that corre-
lation can be done by convolving the inverted object and vice 
versa. 
Typical experimental results are shown in Fig. 2. The 
first three columns show the input fields uP u2, and u4. The 
fourth column shows the photograph obtained at the output 
plane. Rows (a)-( c) illustrate correlation and row (d) illus-
trates convolution. The input information in (a) and (b) is 
FIG. 3. Output when the inputs are a resolution chart and two {j functions. 
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TABLE I. Measurements of output wavefront radius of curvature when 
lenses are used as inputs. 
/(em) 
Lens at input Lens at input Output Radius of 
plane I plane4 wavefront curvature (em) 
33.3 50.0 diverging 
33.3 -9.5 converging 41.4 
33.3 -50.5 converging 81.0 
33.3 20.0 converging 13.2 
output plane. Table I summarizes the measured results, 
which agree well with the prediction. 
The versatility of this processor allows all three inputs 
to be time varying, but we measured the hologram writing 
time to be 30 msec (with an applied field of5 kV /em) so that 
rapidly changing input fields will cause the output to de-
crease. Another practical problem is that the range of input 
light intensities is limited by the saturation effect in BSO. 
The combination of sensitivity to both the amplitude and the 
phase of the input fields indicates that the correlation proces-
sor might be useful for applications such as screening tissue 
samples for cancer cells. 
The authors would like to thank our colleague Y. Ku-
bota for many helpful discussions and technical assistance. 
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cut in AI foil. The inputs in (c) and (d) are etched in chrome 
photomasks. The triangular and square clusters are 75-100-
JLm-diam pinholes spaced 0.7-1 mm apart. The letters are 
1.2 mm high. The output in row (c) clearly demonstrates 
pattern recognition. The output in row (d) is inverted in 
agreement with Eq. (1). Fig~re 3 shows the output when a 
resolution chart was inserted in u2 and 8 functions were used 
for u 1 and u4 • The signal-to-noise ratio was increased by us-
ing a Polaroid filter in the output plane to eliminate scattered 
light. A half wave plate can be inserted in u2 in such a way as 
to bring the polarization of the slightly elliptical u3 beam 
perpendicular to that of the scattered light. 
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The operation of the processor was also tested with 
purely phase objects. For inputs we used thin lenses having 
amplitude transmittances t- exp[ - jk (x2 + y 2)!2f]. If two 
such lenses are correlated, the x andy dependence of the field 
in the output plane should be equivalent to that due to a lens 
having focal length equal to the difference in the input focal 
lengths, illuminated by a plane wave: 
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Liquid-phase-epitaxy homostructure Pb0.85 Sn0.15 Te diode laser with 
controlled carrier concentration 
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Homostructure Pb0 _85 SDo_ 15 Te diode lasers were fabricated from a liquid-phase-epitaxy grown 
n + -p-p + layer structure. Pulsed threshold currents as low as 40 A/cm2 at 17 oK and 1.5 kA/cm2 
at 77 oK were measured. High external and internal quantum efficiencies of 17 and 34%, 
respectively, were found at 40 °K. No degradation of the threshold current was detected after 
fifteen thermal cycles. 
P ACS numbers: 42.55.Rz 
The introduction of a double heterostructure (DH) 
configuration improved the performance of PbSnTe diode 
lasers, compared with that of homostructure lasers, at high 
temperatures. •-3 The reduction in the threshold current den-
sity in DH lasers at high temperatures made possible cw 
operation above 77 °K. 1·4 However, at low temperatures DH 
lasers have threshold currents of one order of magnitude 
higher than the homostructure lasers. 1- 3 DH lasers also suf-
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